Ectodermal dysplasia with immune deficiency (EDI) is caused by alterations in NEMO (nuclear factor [NF]-B essential modulator). Most genetic mutations are located in exon 10 and affect the Cterminal zinc finger domain. However, the biochemical mechanism by which they cause immune dysfunction remains undetermined. In this report, we investigated the effect of a cysteine-to-arginine mutation ( 
Introduction
Dendritic cells (DCs) recognize, capture, and process foreign antigens in order to activate T cells through antigen presentation, expression of surface costimulatory molecules, and secretion of effector cytokines. 1 In the presence of a cognate antigen, DCprimed T lymphocytes express CD40 ligand (CD40L), which interacts with CD40 on the surface of DCs to promote their further maturation. 2 CD40L elevates expression of the major histocompatibility complex (MHC) and costimulatory molecules as well as the secretion of cytokines such as interleukin (IL)-12 to drive the differentiation and expansion of T cells. 3, 4 Impaired CD40-CD40L interaction in both humans and mice leads to impaired T-helper 1 (Th1) T-cell differentiation and predisposes the host to opportunistic infections. 5, 6 Signaling induced by CD40L, pathogen-derived molecules that bind the Toll-like receptors (TLRs), or proinflammatory mediators secreted in the local microenvironment, including tumor necrosis factor-␣ (TNF-␣) and IL-1␤ converge on the IB kinase complex (IKK) to activate the transcription factor nuclear factor-B (NF-B). 1, 7 The IKK signalosome consists of 2 related proteins with intrinsic kinase activity, IKK␣ and IKK␤, and a regulatory noncatalytic subunit NEMO (NF-B essential modulator, also known as IKK␥). After cellular stimulation, upstream mediators promote activation of the IKK complex and the phosphorylation and subsequent degradation of the cytosolic inhibitors IBs, facilitating the nucleus translocation of NF-B dimers. [8] [9] [10] In the IKK-dependent NF-B signaling pathway, the NF-B transcription factors RelA (p65) and c-Rel heterodimerize with p50 to regulate the transcription of genes responsible for development and activation of DCs. 11 Hypomorphic mutations in the gene encoding NEMO give rise to a X-linked disease known as ectodermal dysplasia with immunodeficiency (EDI). This disorder is characterized by severe immunologic impairment as well as abnormal development of ectoderm-derived structures leading to misshaped or absent teeth, lack of eccrine sweat glands, and sparse scalp hair. [12] [13] [14] We have shown previously that B cells from EDI patients with a C417R missense mutation have a profound defect in the activation of NF-B in response to CD40 ligation. 15 Their peripheral blood B cells invariably express surface immunoglobulin M (IgM) and IgD, are devoid of somatic mutations in the Ig variable region and fail to undergo class-switch recombination in response to CD40 agonists in vitro.
In the present study, we sought to define the biochemical mechanism underlying impaired CD40L responses using patient DCs. Our data show that CD40 and TLR4 use separate pathways to ubiquitinate NEMO, and defective NEMO ubiquitination impairs DC function. Interestingly, interferon-␥ (IFN-␥) costimulation can enhance CD40-induced RelA activation and some DC functions, but it does not rescue c-Rel activity. Using microarray analysis of patient DCs, we identified downstream effects of impaired NF-B activation as well as candidate factors that may be necessary for DC function and cell-mediated immunity.
by sequencing the gene encoding NEMO by methods previously described. 15 Unaffected family members or other immunologically healthy volunteers served as controls. The Institutional Review Board of NIAID approved the open protocol and informed consent was obtained from all patients or their parents before enrollment in the study.
Cells and reagents
Immature monocyte-derived dendritic cells (MoDCs) were prepared by culturing elutriated monocytes in RPMI 1640 supplemented with IL-4 (R&D Systems, Minneapolis, MN) and granulocyte-macrophage colonystimulating factor (GM-CSF; Berlex Laboratories, Richmond, VA) as previously described. 16 The following reagents were used for stimulation: CD40L (2.5 g/mL; Amgen, Seattle, WA), IFN-␥ (2000 U/mL; Genzyme, Brisbane, CA) and LPS (2.5 g/mL; Sigma, St Louis, MO).
Flow cytometry analysis
After stimulation, MoDCs were immunostained with monoclonal antibodies, including anti-CD40 (5C3), anti-CD54 (HA58), anti-CD80 (L307.4), anti-CD83 (HB15e), and anti-CD86 (2331). After washing, 10 000 events were collected on a FACScalibur (BD Biosciences, Palo Alto, CA) flow cytometer. Acquired events were analyzed using FlowJo software (Treestar, Ashland, OR).
Morphologic studies
MoDCs were incubated in culture chamber slides (Nunc, Rochester, NY), and differential interference contrast (DIC) images were collected on a Leica DMIRBE (Leica Microsystems, Exton, PA) using a 40 ϫ/1.25 NA oil-immersion objective lens. Images were processed using Leica TCS-NT/SP software and Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA).
Mixed-lymphocyte reaction
Allogeneic CD3 ϩ T lymphocytes were purified from peripheral blood mononuclear cells (PBMCs) by positive selection. Briefly, cells were incubated with magnetic-activated cell-sorter (MACS) CD3 microbeads (Miltenyi Biotec, Auburn, CA) for 15 minutes at 4°C. After washing, cell pellets were resuspended and applied onto a MACS column (Miltenyi Biotec) in a magnetic field. Positively selected cells were collected and the purity assessed by flow cytometry (Ͼ 95%). Patient and normal MoDCs were added to allogeneic CD3 ϩ T cells at different ratios and stimulated with LPS (2.5 g/mL) or CD40L (2.5 g/mL) alone or CD40L supplemented with IFN-␥ (2000 U/mL) or IL-12p70 (10 ng/mL; R&D Systems) in a round-bottom 96-well plate. After 7 days of coculture, cells were pulsed with 1 Ci (37 KBq) tritiated thymidine for an additional 18 hours at 37°C. Cells were harvested and thymidine incorporation measured using a ␤ scintillation counter (Topcount; Perkin-Elmer, Wellesley, MA).
Microarray analysis
RNA was prepared from MoDCs using Qiagen RNeasy reagents (Valencia, CA) according to the manufacturer's recommendations. RNA (5 g total) from individual samples was labeled according to standard protocols (Affymetrix, Santa Clara, CA) and hybridized to individual U95A arrays (Affymetrix) consisting of approximately 12 000 human genes from Unigene build 95. Hybridized chips were processed as recommended and scanned images were analyzed using Resolver software (Rosetta Biosoftware, Kirkland, WA) and Spotfire Decision Site (Spotfire, Somerville, CA). Hierarchic clustering was performed using the Eisen Cluster program and Cluster Trees produced with Java Treeview (Alok Saldanha, Stanford University, Stanford, CA).
Expression profiles were validated by flow cytometry ( Figure 3A ) and by quantitative real-time PCR for the following genes using methods described by the manufacturer (CD54, Hs00164932_m1; CD44, Hs00174139_m1; Rab11a, Hs00366449_g1; CD86, Hs00199349_m1; and Bcl6, Hs00153368_m1; Applied Biosystems, Foster City, CA).
Electrophoretic mobility shift assay
Cellular lysates were prepared by resuspending cell pellets in 100 mM NaCl, 50 mM Tris-HCl at pH 8.0, 0.5% NP-40, 50 mM NaF, 30 mM Na 4 PPi, 1 mM Na 3 VO 4 , 0.6% diisopropyl fluorophosphate (Sigma), and 1 complete protease inhibitor mixture (Roche Diagnostics, Indianapolis, IN). Protein concentrations were determined using a Micro BCA protein assay (Pierce, Rockford, IL), and c-Rel and p65 binding to a 32 P-labeled oligonucleotide probe (5Ј-AGCTTGGGGTATTTCCAGCCG-3Ј) was performed using a c-Rel Gelshift kit (Active Motif, Carlsbad, CA) following the manufacturer's instructions. For c-Rel supershift, cell extracts were first incubated with a human c-Rel-specific rabbit polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 20 minutes. The gels were dried and exposed to phosphoimaging screens (Kodak, Eastman, NY), and signal intensities of specific DNA-protein complexes were analyzed using a Scion Imager (Scion, Frederick, MD).
Immunoprecipitations and immunoblotting
To study NEMO ubiquitination, cellular lysates were prepared with immunoprecipitation (IP) lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 0.5% NP-40, 1% Triton X-100, 10% glycerol, 3 mM EGTA, 3 mM EDTA, 0.1 mM Na 3 VO 4 , 10 M N-ethylmaleimide, and 1 complete protease inhibitor mixture (Roche Diagnostics). The supernatants prepared from the lysates were next precleared with protein A/G Plus-Agarose (Santa Cruz Biotechnology) for 1 hour at 4°C and then incubated with anti-NEMO mouse monoclonal antibody (BD Biosciences) for 4 hours at 4°C. Protein A/G Plus-Agarose was then added for 1 hour at 4°C. Immunoprecipitates were washed 3 times with IP lysis buffer and heat-denatured at 70°C for 10 minutes in 4 ϫ diluted NuPage LDS sample buffer supplemented with 2.5% 2-ME. Samples were resolved on a 4% to 12% polyacrylamide gel (Invitrogen, Carlsbad, CA), and proteins were transferred onto nitrocellulose membrane and probed with anti-ubiquitin rabbit polyclonal antibodies (Imgenex [San Diego, CA] and Santa Cruz Biotechnology). Detection was performed using an horseradish peroxidase (HRP)-conjugated donkey anti-rabbit IgG (Amersham Biosciences, Arlington Heights, IL) and developed by the chemiluminescence method (Amersham Biosciences).
Results

Impaired NF-B heterodimers activation in EDI MoDCs
In initial studies, we extended our previous findings concerning NF-B activation in B cells of patients with EDI to MoDCs. Monocytes from 2 unrelated EDI patients with a missense mutation affecting the cysteine residue at position 417 of NEMO were cultured in the presence of IL-4 and GM-CSF for 1 week to induce their differentiation into immature MoDCs. 16 Notably, no morphologic differences were observed between normal and patient immature MoDCs, indicating that the NEMO C417R mutation does not affect this phase of DC development. To characterize the signaling defect in EDI MoDCs we assessed the NF-B function by measuring DNA-binding activity of both RelA and c-Rel in an electrophoretic mobility shift assay (EMSA). Compared with healthy controls, RelA binding was modestly reduced in EDI MoDCs after stimulation with CD40L. In contrast, c-Rel binding was notably absent in patient MoDCs as determined by a c-Relspecific antibody ( Figure 1A ). The level of NEMO, c-Rel, and RelA protein in EDI MoDCs were comparable to that in healthy controls ( Figure 1B) ; thus, the defects in RelA and c-Rel activation were not due to aberrant protein synthesis of these NF-B signaling constituents. These data highlight the importance of the NEMO zinc finger domain for downstream NF-B signaling.
Recognizing that IFN-␥ costimulation enhances CD40L activation of MoDCs, we next assessed whether addition of IFN-␥ improved RelA and c-Rel induction in CD40L-stimulated MoDCs. CD40L and TLR ligand signaling pathways activate the IKK complex. We therefore investigated whether EDI MoDCs stimulated with LPS, a TLR4 agonist, also displayed differential RelA and c-Rel induction. Interestingly, LPS stimulation results in both RelA and c-Rel activation in the EDI C417R MoDCs, and the level of this activation was comparable with what was observed in healthy controls ( Figure 1C ). These results imply that the NEMO C417R zinc finger domain mutation impairs CD40-mediated, but not TLR4-mediated, NF-B signaling pathway.
NEMO ubiquitination is impaired in CD40L-stimulated EDI patients
Ubiquitination is a posttranslational modification in which the 76-amino acid ubiquitin protein is reversibly conjugated to a lysine residue on a target protein. The type of ubiquitin linkage determines the fate of cellular proteins. Polyubiquitin (poly-Ub) chains linked through lysine 48 (K48) target proteins for degradation by the proteosome. 8 However, several recent studies have reported that K63-linked poly-Ub chains can activate NF-B through a degradation-independent mechanism. 17,18 NEMO has been shown to be K63 polyubiquitinated at K399, which lies within its zinc finger motif. 11, 19 To determine whether the NEMO C417R mutation affects its ubiquitination, we stimulated EDI antigen-presenting cells with CD40L and examined NEMO ubiquitination with immunoprecipitation using an anti-NEMO antibody followed by immunoblotting with an antiubiquitin antibody. A smear of slowermigrating forms of NEMO, corresponding to the polyubiquinated protein, was maximally observed at 60 minutes in control cells stimulated with CD40L, but the absence of NEMO ubiquitination was observed in the CD40L-stimulated EDI cells (Figure 2A) .
In parallel, we examined the ubiquitination of NEMO in cells stimulated with LPS. Consistent with our EMSA findings, the NEMO C417R mutation does not alter the TLR4 signaling pathway, as NEMO is normally ubiquitinated in patients with EDI in response to LPS ( Figure 2B ). Taken together, our findings suggest that CD40L and LPS signaling pathways use separate cofactors to catalyze NEMO ubiquitination.
Impaired maturation of MoDCs in vitro
In the next series of experiments, we studied the impact of the defective CD40 signaling on MoDC maturation and functions. While EDI MoDC maturation was unaffected in response to TLR4 stimulation, they failed to up-regulate surface maturation markers such as the B7 family members (CD80 and CD86), CD40, CD54, and CD83 in response to CD40L stimulation ( Figure 3A) . As IFN-␥ can enhance DC activation, 20 the maturation profile of MoDCs was assessed after stimulation. IFN-␥ alone did not affect the expression of surface molecules, while IFN-␥ with CD40L costimulation partly rescued the expression of all maturation markers tested ( Figure 3A ). In agreement with previous findings on patient PBMCs, EDI MoDCs failed to secrete the heterodimeric cytokine IL-12p70 in response to CD40L, and this deficit was not restored by the addition of IFN-␥ ( Figure 3B ). These findings show that 
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MoDC maturation is impaired in cells with a NEMO C417R mutation, and that some but not all of these defects can be complemented by IFN-␥ costimulation.
Impaired clustering of CD40L-stimulated EDI MoDCs
Upon activation DCs undergo a reorganization of their actin cytoskeleton and extend membrane protrusions, called dendrites, to facilitate interaction with potential antigen-restricted T cells. 21 Furthermore, clustering of mature DCs supports efficient activation and expansion of lymphocytes. We therefore analyzed the clustering ability and the dendrite extension of CD40L-stimulated MoDCs by microscopy. Tight and dense aggregates were observed when normal MoDCs were incubated for 24 hours with CD40L, and in EDI DCs stimulated with LPS ( Figure 4) . In contrast, EDI MoDCs failed to form clusters and dendrite formation was greatly diminished in the presence of CD40L. Whereas the addition of IFN-␥ improved the clustering of normal MoDCs, only a weak enhancement was detected for EDI MoDCs, suggesting morphogenic responses associated with CD40 signaling is impaired in EDI MoDCs.
CD40L-stimulated EDI MoDCs fail to trigger allogeneic T-cell proliferation
As EDI MoDCs exhibit several activation defects, we next assessed whether patient MoDCs can support the proliferation of allogeneic T cells in a mixed leukocyte culture. Isolated T lymphocytes from a healthy control were cocultured in the presence of MoDCs prepared from an unrelated healthy individual or a patient with EDI. Next, lymphoproliferation was measured by thymidine incorporation. CD40L stimulation greatly enhanced allogeneic T-cell expansion when cultured with normal MoDCs ( Figure 5A ). In contrast, T lymphocyte proliferation remained weak when cultured with CD40L-stimulated EDI MoDCs. Because the addition of IFN-␥ partly rescues the maturation of patient MoDCs, we BLOOD, 1 OCTOBER 2006 ⅐ VOLUME 108, NUMBER 7 For personal use only. on September 7, 2017. by guest www.bloodjournal.org From measured T-cell proliferation in the presence of CD40L and IFN-␥. Whereas increased T-cell proliferation is observed with normal MoDCs, CD40L plus IFN-␥-stimulated EDI MoDCs failed to induce T-cell expansion, indicating that T-cell activation requires the expression of additional factors that are lacking in EDI MoDCs. A likely candidate is the proinflammatory cytokine IL-12, which is not secreted by EDI MoDCs in response to stimulation with CD40L and IFN-␥ ( Figure 3B ). In agreement with this hypothesis, the addition of human recombinant IL-12 with CD40L induced the allogeneic T-cell proliferation when cultured with EDI MoDCs. These findings confirm that EDI MoDCs are impaired in the expression of c-Rel regulated cytokines that are normally synthesized in response to CD40L and are critical for T-cell activation.
We also examined allogeneic T-cell proliferation when EDI MoDCs are stimulated with LPS. Consistent with our EMSA findings and NEMO ubiquitination studies, the NEMO C417R mutation does not alter EDI MoDC activation following TLR4 stimulation, as allogeneic T cells proliferate normally ( Figure 5C ). Taken together, our findings indicate that CD40L and LPS signaling use separate and distinct cofactors to activate the IKK complex and DC activation.
Putative c-Rel transcriptional targets defined by microarray analysis
The specific defect in c-Rel activation in EDI MoDCs offers a unique opportunity to define putative downstream c-Rel target genes. For this purpose, we used gene expression arrays. Initially, we profiled the CD40L-induced expression signature in MoDCs derived from 3 independent healthy donors. A CD40L-induced expression signature was generated by filtering for genes showing a 2-fold or greater change in expression (P Ͻ .01) upon stimulation in all 3 normal MoDC cultures. This analysis was designed to stringently select for genes that show consistent and significant expression changes and resulted in a signature of 764 probe sets. A 1-way analysis of variance (ANOVA) was then used to select for genes from this signature that showed significant differences between the healthy and EDI groups. This yielded 400 probe sets at P Ͻ .01 ( Figure 6A ). Next, we assessed the effect of adding IFN-␥ to CD40L on the expression of these 400 probe sets. As can be seen in Figure 6B , IFN-␥ is able to enhance the regulation induced by CD40L for a large number of genes, consistent with our observations of the effects of IFN-␥ on CD40L-induced NF-B binding in EDI MoDCs. For personal use only. on September 7, 2017 . by guest www.bloodjournal.org From Because EDI MoDCs fail to induce c-Rel DNA binding in response to CD40L plus IFN-␥ ( Figure 1A) , we reasoned that we should be able to identify c-Rel genomic targets by looking for genes that show consistent up-regulation in normal MoDCs but not in EDI MoCs when stimulated with these mediators. Analysis of the 400 probe sets that we defined as demonstrating significant differences in regulation between the normal and EDI MoDC cultures enabled us to identify 53 probe sets (corresponding to 50 different genes) that show significant and consistent up-regulation in normal MoDCs in response to CD40L plus IFN-␥, but no significant regulation in any of the 3 EDI MoDC cultures. A hierarchic cluster of these 53 probe sets is shown in Figure 6C , and a summary table of the corresponding 50 genes is listed in Table 1 . The validity of this gene set as c-Rel transcriptional targets is supported by the appearance of IL12A in the gene list, a locus previously shown to be regulated by c-Rel in DCs. 22 Strikingly, the putative function of many of these genes correlates well with the known defects we have demonstrated in EDI MoDCs. These include genes involved in adhesion and the extracellular matrix as well as cytoskeletal components that may be responsible for the morphologic and clustering defects we have described. 
Discussion
While the role of the IKK signalosome for NF-B activation is well documented, 23 the precise mechanism by which the complex integrates signals delivered by numerous upstream stimuli to differentially activate members of the NF-B family is not fully understood. Insight into this mechanism can be obtained from the study of individuals with specific NEMO mutations who manifest defined immunologic defects. In the present study, we report the consequence of a mutation targeting a highly conserved cysteine residue at position 417 of NEMO that occurs in patients with EDI. We show that antigen-presenting cells in such patients exhibit defective NEMO ubiquitination upon CD40L but not LPS stimulation, and this leads to a specific impairment in CD40L-mediated c-Rel activation. We therefore establish how a particular defect in NEMO ubiquitination leads to immunologic deficiency.
Several recent studies have shown that NF-B activation requires the posttranslational modification of NEMO upon cellular stimulation. Addition of K63-linked polyubiquitin chains, thought to strengthen protein-protein interactions, appears to be a key modification in intracellular signaling. 9, 10, 24 Interestingly, different regulators, including Bcl10 and TRAF6, have been shown to mediate K63 ubiquitination of NEMO via the putative zinc finger motif where the point mutation in patients with EDI lies. 19, 25 Thus far, CYLD and A20 have been shown to turn off NF-B-mediated transcriptional activity by targeting ubiquitinated NEMO. 26 Our results indicate that CD40L fails to support the ubiquitination of mutated NEMO. In light of the EMSA findings, NEMO ubiquitination appears to be dispensable for RelA activation, whereas c-Rel induction is apparently dependent on an intact C-terminal region and, therefore, on a K63-ubiquinated NEMO. Taken together, our findings imply that a subtle variation, NEMO ubiquitination, in the shared NF-B signaling cascade can dramatically influence the outcome of the cellular stimulation by mobilizing different NF-B subunits.
In contrast to CD40L, LPS still induces RelA and c-Rel activation, as well as NEMO ubiquitination in EDI DCs. The LPS-specific surface receptor TLR4 recruits multiple downstream adaptor molecules in order to activate the NF-B pathway. 27 Among the cofactors shared with the CD40 pathway is TNF receptor-associated factor 6 (TRAF6). 28 Interestingly, the DCs from TRAF6 Ϫ/Ϫ knockout mice display a profound defect in the activation of NF-B and in the up-regulation of CD86 in response to LPS stimulation, while such defects are less prominent in response to CD40 stimulation. 29, 30 Moreover, it has been shown that the TRAF2 binding site on CD40, but not the TRAF6 binding site, is required for Ig class-switching. 31 This observation is consistent with the clinical features of patients with EDI who lack sera IgG and IgE. These results suggest that TRAF2 rather than TRAF6 is used by CD40 to ubiquitinate NEMO, and that the NEMO C417R mutation is permissive for LPS signaling because NEMO ubiquitination in response to TLR4 stimulation is dependent on TRAF6 and not TRAF2.
Both patients with EDI have a history of atypical mycobacterial infections. EDI-1 developed Mycobacterium avium complex bursitis and EDI-2 developed Mycobacterium abscessus infection of vertebrae. Functional studies have shown that cellular stimulation through CD40 is necessary for defense against atypical mycobacterial infection and for the efficient induction of cellular memory by bacterial epitopes with reduced immunogenicity. [32] [33] [34] Among CD40-expressing cells, DCs compose a bridge between innate and adaptive immunity, initiating cellular immune responses upon their differentiation into mature cells. 1 After stimulation with CD40L, the phenotype of EDI DCs remained largely immature. Specifically, they were impaired in their maturation-associated morphologic features, expression of costimulatory markers, production of proinflammatory cytokines including IL-12, and their capacity to support the allogeneic lymphoproliferation. We have linked these functional deficiencies of EDI DCs to a failure in NEMO ubiquitination after CD40L stimulation. Flow cytometry and geneexpression profiling analysis of EDI DCs indicates that IFN-␥ costimulation can restore the expression of some genes normally regulated by CD40L signaling. However, c-Rel activity and the capacity to support allogeneic T-cell proliferation remain deficient. We reason that the failure of CD40-stimulated EDI DCs to activate T cells is largely a consequence of their inability to synthesize the c-Rel-regulated cytokine IL-12, and offer a compelling explanation for the high susceptibility of patients with EDI to recurrent bacterial infections.
Having established EDI MoDCs as a unique resource to identify genomic targets whose expression is absolutely dependent on the presence of activated c-Rel, we used expression profiling to compare the genes induced by CD40L in normal and EDI MoDCs. We identified 50 genes that are normally highly up-regulated by CD40L and IFN-␥, but their regulation is blocked in EDI MoDCs. We identified the known c-Rel target IL-12p35 (IL12A) in this gene set as well as a number of genes that are likely to be critical to the maturation and function of DCs. Among these, LAD1, LAMB3, and SERPINE1 have functions in adhesion or in the extracellular matrix and likely influence the clumping behavior of DCs; cytoskeletal components such as AVIL, CAPG, and SEPT11 may regulate dendrite formation. Further studies will be needed to associate the expression of other members of this gene set with specific DC functions.
In summary, our study indicates that the NEMO C417R mutations cause immune deficiency by affecting NEMO ubiquitination in response to CD40 signaling. It is noted that other missense mutations in exon 10 of NEMO have been associated with different phenotypes. Some of these patients have osteopetrosis and lymphedema, while others have a marked predisposition infection with Streptococcus pneumoniae or cytomegalovirus. The patients described here with the NEMO C417R mutation have normal bone density and do not have a medical history of limb swelling or severe viral or pyogenic infections. We anticipate that some of these other exon 10 mutations in NEMO affect its ubiquitination in response to stimulation by receptor-activator of NF-B (RANK), vascular endothelial growth factor (VEGF), or other TLRs. Thus, these clinical differences, in light of accompanying differences in NEMO ubiquitination, suggest that the various cellular receptors that activate NF-B use different cofactors to ubiquitinate NEMO. Further characterization of these stimuli-restricted proteins could allow for the development of rationally designed drugs that target different aspects of immunity.
